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Ta-based interface ohmic contacts to AlGaN /GaN heterostructures
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Al/Ti based metallization is commonly used for ohmic contacta-#8aN and related compounds.

We have previously reported an ohmic contact scheme specially designed for AlGaN/GaN
heterostructure field-effect transistdidFETS [D. Qiaoet al, Appl. Phys. Lett.74, 2652(1999].

This scheme, referred to as the “advancing interface” contact, takes advantage of the interfacial
reactions between the metal layers and the AlGaN barrier layer in the HFET structure. These
reactions consume a portion of the barrier, thus facilitating carrier tunneling from the source/drain
regions to the channel region. The advancing interface approach has led to consistently low contact
resistance on AQl,:Ga, ;N/GaN HFETs. There are two drawbacks of the Al/Ti based advancing
interface schemd)) it requires a capping layer for the ohmic formation annealing since Ti is too
reactive and is easily oxidized when annealing is performed in pyi@ Hven in forming gas, and

(ii) the atomic number of Al and that of Ti are too low to yield efficient backscattered electron
emission fore-beam lithographic alignment purposes. In this work, we investigated a Ta based
advancing interface contact scheme for the HFET structures. We found that the presence of Ta in
this ohmic scheme leads tt) a specific contact resistivity as low ax30 7 Q cn?, (2) efficient
electron emission fog-beam lithographic alignment, ari8) elimination of the capping layer for the
ohmic annealing. ©€2001 American Institute of Physic§DOI: 10.1063/1.1365431

I. INTRODUCTION vancing interface” reaction$In this approach, nitride form-
ing metals, such as Ti and Ta, are used to form contacts in

AlGaN/GaN heterostructure field effect transistorsthe source and drain regions. During subsequent annealing,
(HFET9 are important devices for high power, high fre- the contact metals are expected to consume part of AlGaN
quency, and high temperature applications. To achieve Barrier to form a conducting metallic phagmetal—nitride
high transconductance and a high saturation current, higthus resulting in a thinner barrier in contact with the metal—
quality ohmic contact with a contact resistance well below Injtride layer[see Fig. 1a)].
Qmm is essential. Several metallization schemes, including The AITI/HFET metallization is the most commonly
AlfTi, for ohmic contact on AlGaN/GaN HFETSs, bulk GaN ysed ohmic contact on AlGaN/GaN HFET devices reported
and AIGaN layers have been recently repoftedHowever, in the literature. For this metallization scheme, the metals
it is difficult to achieve low contact resistance on AlGaN duereact with the AlGaN |ayer to form a metallic AEN |ayer
to that the Schottky barrier height of many metals on AlGaNyjth AlGaN. This reaction leads to a N-deficient AIGaN re-
is larger than 1 eV¥® For the AIGaN/GaN heterostructure, a gion, believed to be heavily-doped, beneath the AN
two-dimensional electron gaDEG) is induced at the contact layer. However, the final barrier thickness depends
AlGaN/GaN interface due to the piezoelectric effect andstrongly on the original thickness of the AlGaN layer and the
spontaneous polarizatidfi-*’ For such a heterostructure, an annealing conditions. A commonly used AITI/HFET contact
ohmic contact with low contact resistance can be obtained bygnsists of AI710 A)/Ti (300 A). For this contact, all of the
thinning the AlGaN barrier in the source and drain regions,a| reacts with ~250 A of Ti to form Al;Ti at 250°C to
thus enhancing carrier tunneling across the energy barrier i§gg °C, with the remaining Ti reacting with the AIGaN bar-
these regions. This can be implemented by selective growther. For samples with thick AlGaN layers=300 &), the
or by reducing a thick AlGaN layer using selective etchingconyentional metallization does not consume enough AlGaN
or solid phase reactions without affecting the gate area. Thgg rier layer to enhance carrier tunnelfhidve have shown
first two methods require mul_tiple processing steps. The siMgat a metallization scheme of ®00 A)/Ti(1500 A/HFET
plest way to reduce the barrier, however, is to use the “adgq|d lead to a greatly reduced contact resistance, due to a
substantial consumption of AlGaN to form AbN.® This
dElectronic mail: dgiao@ucsd.edu scheme is referred to as the advancing interface contact. For
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Gate Gate ventional A(710 A)/Ti(300 A/HFET, sample No. 2 was the
previously reported advancing interface(200 A)/Ti(1500
A)IHFET, and sample No. 3 was a Ta based contact with a
layer structure of ABO0 A)/Ti(500 A)/Ta500 A)/HFET.
Mesa isolation of the HFET samples was accomplished by
photoresist patterning and reactive ion etching with £¢€I
(a) (b) gas. This was followed by TLM patterning to achieve stan-
. o dard lift-off techniques for ohmic metal definition. Before
FIG. 1. Shown here are schematics of the advancing interface contacts after tal d iti I | tched .
annealed at 950 °Qa) the Ta-based advancing interface contat(500 meta epositon, a ] SamP es were etche n
A)ITi(500 A)Ta(500 AYHFET, sample No. B After reaction, a much thin-  HCI:HF:H,O(1:1:2) solution for eight seconds before load-
ner AlGaN layer remained(b) the Ti-based advancing interface contact ing into ane-beam evaporation system equipped with dry
[Al(200 A)/Ti(1500 A/HFET, sample No. R After reaction, the entire pumps with a chamber base pressure ofl08 and
AlGaN layer was consumed. _ . .. ..
~10" ' Torr during metal deposition. After metal deposition

and lift-off sample No. 2 was encapsulated with a sputtered

this metallization, Al and Ti react to form AlTinot Al;Ti as AIN layer followed Ey annealing in a Eap'd thermal anneal-
in the conventional schemeat 250 °C to 400 °C, leaving Ing turnace at ,65_0 C for ,40 S, 85_0 C for 40 S and then
about 900 A of Ti in excess to fully react with the AlGaN 920 °C for 5 min in a flowing forming gas am_b|ent.°After
layer to form the AITjN phase. This reaction leaves little or @nnealing, the AIN capping layer was removed in (& °C)

no AlGaN layer in the HFET source and drain region, thusPhosphoric acid. Sample Nos. 1 and 3 were annealed directly

resulting in efficient tunneling and a much reduced specifiVithout caps at 650 °C for 40 s, 850 °C for 40 s and 950°C
contact resistivity . . in a flowing forming gas ambient. The annealing time at

While the advancing interface contact leads to improved?0 °C was 40 s for sample No. 1 and 4 min for sample No.

contact resistance, there are drawbacks for this metallizatiors (© Obtain the lowest contact resistivity. The samples were

(i) the metallization requires a capping layer for the annea|g:haracter|zed using dc electrical measurements, cross sec-

ing to prevent surface oxidation, afid) the atomic number tional high-resolution transmission eleptron microscopy

of Al and that of Ti are too low to yield efficient backscat- (HRTEM) and Rutherford - backscattering - spectrometry

tered electron emission for the alignment marks to be clearl)gRBS)'

visible usinge-beam lithography. It has been shown that Ta

reacts with N to form a metallic phase TaN, similar to |j|. RESULTS AND DISCUSSION

TiN.181°Ta also has a higher atomic numb@g) than Al . o

(13) and Ti(22), and is expected to have much higher emis- Tgble I summarizes the contact metallization and dc

sion efficiency of backscattered electrons. For these reasorf@€ctrical properties for the three samples. Sample No. 1 had

we investigated the use of Ta-based reactions to form thi1€ _'erESt specific contact  resistivityps((5.8+0.9)
advancing interface contacts. X 10" 4 Q cm?), followed by that of sample No. R(7+1)

X 107°% Q) cn?], and sample No. 3 yielded the lowest contact
resistivity [ (5+2)Xx 10’ Q cn?]. Inspection of the surface
of sample Nos. 1 and 3 after annealing using scanning elec-
The structure of the AlGaN/GaN HFET used in this tron microscope and optical microscope indicated uniform
work consisted of n-Alg ,Gay 7dN(250 A)/Alg »Ga 7N and smooth surface morphology. This smooth surface was
(30A, undoped)i-GaN(1 wm)/sapphire. The heterostruc- achieved without any capping layer during annealing. The
ture was grown by metalorganic chemical vapor depositionsurface morphology of sample No. 2 after annealing and the
The method of transmission line measuremdiiisM) was  removal of AIN was also smooth. However, a capping layer
used to investigate the contact resistance. Three types @fas required during annealing to yield the smooth surface, in
samples were fabricated. Sample No. 1 consisted of the cothis particular ohmic processing scheme.

Source Drain Source

/ GaN

2DEG

Il. EXPERIMENT

TABLE |. Contact resistance, sheet resistance, and contact resistivity of different metallization schemes on
HFETs (Al »Ga7N(250 A)/Alg G, 7N(30 A, undoped)i-GaN(1 um)/sapphire). The annealing ambient

was forming gas. Sample No. 2 was annealed sequentially at 650 °C for 40 s, 850 °C for 40 s, and 950 °C for
5 min with an AIN capping layer. After annealing, the AIN was removed in (88t °C) phosphoric acid.

Sample No. 1 and No. 3 were annealed sequentially at 650 °C for 40 s, 850 °C for 40 s, and 950 °C without an
AIN capping layer. The annealing time at 950 °C was 40 s for sample No. 1 and 4 min for sampleRyas 3.

the contact resistances is the specific contact resistivityR.= VRsX ps, Rs is the sheet resistance of the
semiconductor. The reported values are the average value of at least 6 TLM lines. These results have been
reproduced on HFET structures provided by two suppliers.

Sample R, R Ps
number Metallization scheme O mm [97/m] Qecn?
1 Al(710 A)/Ti(300 A) 5.6+0.6 (5.5-0.4)x 107 (5.8£0.9)x10°4
2 Al(200 A)/Ti(1500 A 2.1+0.2 (5.5 0.6)x 107 (7+1)x10°5
3 Al(500 A)/Ti(500 A)/Ta(500 A) 0.2+0.1 (6.1x0.3)x 10? (5x2)x1077
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7x10°
—————— As-deposited
6x1034 M | e 850°C/40s
—— 950°C/4min
5x10°
4x10°
K=} (0] Al . . .
] s FIG. 3. Cross sectional HRTEM image of (8D0 A)/Ti(500 A)/Ta(500
> 310 00 T 500 T 1000 1200 A)HFET. The sample was annealed at 950 °C in forming gas for 4 min.
1.6x104 1 £l
f annealing at 950°C for 4 min. It can be seen that Ta has
. j " reacted with AlGaN to form TaN during annealing, reducing
1.2x10%7 { ! the AlGaN barrier layer thickness to about 100 A. In some
o areas, only~50 A of AlGaN remained. This observation
0 i i confirmed that the Ta-based metallization is an advancing
8.0x1 i i interface ohmic contact.

i The contact resistivity of the Ta-based advancing inter-
4.0x10° : face contactsample No. Bwas three orders of magnitude
X ! lower than that of the conventional Al/Ti contaample

s | T No. 1) and about two orders of magnitude lower than that of
0.0 R, the advancing interface Al/Ti conta¢sample No. 2 The
1200 1400 1600 1800 2000 large difference in contact resistivity between sample No. 1

Energy (keV) and sample Nos. 2 and 3 is expected since sample Nos. 2 and

3 had the advancing interface structures. The difference be-

FIG. 2. RBS for the Ta-based contact before and after annealing in formingyeen sample Nos. 2 and 3 can be rationalized by the metal—
gas. The structure consisted of(300 A)/Ti(500 A)/Ta(500 A)/AIGaN(280 r@IGaN reactions. For the Ti-based advancing interface con-

A)/GaN/ sapphire. The dashed line represents the sample before anneali . >
the dotted line for the sample annealed at 850 °C for 40 s and the solid linéaCt (Sample No. 2 about 900 A of Ti was available to react
for the sample annealed at 950 °C for 4 min. The arrows indicate the surfaceith about 280 A of AlGaN after the low temperature for-

energy positions of the elements. The scattering angle was 160 ° and the,ation of A|Ti3. The entire AlGaN was consumed in the
angle between the sample normal and the analyzing liglm’ at 2 MeV) o i with the Ti layer after the high temperature anneal-
was 3°.
ing at 950 °C for 5 min. The reaction product AJIN was in
contact directly with the undoped GaN without a barrier in

Figure 2 shows the RBS spectra of sample NdT&8-  between. The absence of the AlGaN barrier layer removes
based contagtannealed at 850 °C and 950 °C. It was foundthe 2DEG induced by the polarization effects underneath the
that after annealing at 850 °C for 40 s, only reactions bemetal contact. Contact is made between the 2DEG under-
tween metalgAl-Ti and Ti—-Tg were observed. After an- neath the gate and the side of the metal corftse¢ Figure
nealing at 950 °C for 4 min, however, there were extensivel(b)]. This contact area is very small, thus causing high con-
reactions between the remaining Ta and AlGaN. The backact resistance. For the Ta-based contsample No. § only
edge of the Ta signal extended to lower energies comparea thin AlGaN layer remained after the reactigese Fig. 3,
to that of the as-deposited sample, which suggests that Tihus the 2DEG is expected to remain underneath the ohmic
has reacted with AIGaN. Computer simulations of the RBScontact. Figure 4 shows the sheet charge as a function of the
spectrum showed that about 150 A of AlGaN was consumedIGaN barrier thickness calculated by the one-dimensional
in the reaction. It should be noted that the Ta signal centereBoisson equation. It indicates that the sheet charge is still in
at around 1730 keV split into two partsolid line in Fig. 2,  the order of 16?cm™2 when the AlGaN barrier is about 50 A
lower portion. This splitting was caused by the reactionsin thickness. Therefore, the contact area between the contacts
between Ti and Ta. It can be seen that the Ti signal in thend the 2DEG is deemed to be much larger than that of
same spectrum has a similar shape. The dip in the Ta signaample No. 2. The final contact structure of this sample con-
implying a low Ta fraction, corresponds in depth to the bumpsists of AlTgN (metallig/AlGaN (<100 A)/2DEG. This
in the Ti signal centered at 1365 keV, implying a high Ti structure provides a high density of 2DEG with a much re-
fraction. This suggests that the composition of the Ti—Taduced AlGaN barrier layer thickness, resulting in low contact
alloy is not uniform in depth. Figure 3 shows the cross sectesistance valueisee Figure (g)]. With the annealing pro-
tional HRTEM image of an annealed (800 A)/Ti(500 A)/  cedure used in this work, the designed thickness of the Al-
Ta(500 A) sample, similar to that shown in Fig. 2, after GaN layer after reaction should not be less than 100 A due to
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12 rate alignment in the-beam lithographic process, afid )
allow for a controlled reaction between Ta and the AlGaN
104 layer to reduce the barrier thickness without eliminating the
2DEG. A properly designed and fabricated Ta-based advanc-
8- ing interface contact system is deemed more suitable for
c?E‘ HFET applications than the Ti-based contact system.
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FIG. 4. Sheet charge densily; as a function of AlGaN barrier thickness ;
calculated by the one-dimensional Poisson equation. The Al fraction and the
temperature were assumed to be 24% and 300 K, respectively, in the calcuy
lation.
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